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Nitric oxide as a mediator of cocaine-induced penile erection in
the rat
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1 The effect of local application of cocaine to the corpus cavernosum on intracavernous pressure (ICP),
an experimental index for penile erection, was examined in Sprague-Dawley rats anaesthetized with
chloral hydrate. The potential involvement of dopamine, noradrenaline or nitric oxide as the chemical
mediator in this process, and the pharmacological action of cocaine as a local anaesthetic in the induced
increase in ICP, were also investigated.
2 Intracavernous (i.c.) administration of cocaine (40, 80 or 160 ug) to the corpus cavernosum resulted
in a dose-related increase in both amplitude and duration of ICP.
3 The elevation in ICP induced by cocaine (160 Mug, i.c.) was not significantly influenced by prior
injection into the corpus cavernosum of either the DI or D2 dopamine receptor antagonist, R-( + )-SCH
23390 (250 pmol) or (-)-sulpiride (250 pmol).
4 Similarly, penile erection promoted by cocaine (160 sg, i.c.) was not appreciably affected by i.c.
pretreatment with the a,-, a2-, or fl-adrenoceptor antagonist, prazosin (50 pmol), yohimbine (50 pmol) or
propranolol (5 nmol).
5 Whereas lignocaine (4 pmol, i.c.) depressed penile erection induced by papaverine (400 gg, i.c.), local
application of cocaine (160 pg) into the corpus cavernosum still elicited significant elevation in ICP in
the presence of lignocaine or papaverine.
6 The increase in ICP induced by cocaine (160 Mg, i.c.) was attenuated dose-dependently by prior
cavernosal administration of the NO synthase inhibitor, Nw-nitro-L-arginine methyl ester (L-NAME, 0.5,
1 or 5 pmol) or NG-monomethyl-L-arginine (L-NMMA, 2.5, 5 or 10 pmol). The blunting effect of L-
NAME or L-NMMA was reversed by co-administration of the NO precursor, L-arginine (1 nmol, i.c.).
7 Pretreatment by local application into the corpus cavernosum of methylene blue (2.5 ,mol), an
inhibitor of cytosolic guanylyl cyclase, antagonized cocaine-induced penile erection.
8 Direct i.c. administration of a NO donor, nitroglycerin (10 or 20 nmol), mimicked the local action of
cocaine by promoting a significant increase in ICP.
9 It is concluded that cocaine may induce penile erection by increasing ICP via a local action on the
corpus cavernosum. This process did not appear to involve either dopamine or noradrenaline as the
chemical mediator, nor the pharmacological action of cocaine as a local anaesthetic. On the other hand,
it is likely that initiation and maintenance of penile erection elicited by cavernosal application of cocaine
engaged an active participation of NO and subsequent activation of guanylyl cyclase in the corpus
cavernosum.
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Introduction

Cocaine is an alkaloid that was isolated from Erythroxylum
coca by Gaedcke in 1855, chemically defined by Nieman in
1859, synthesized by Willstatter in 1923, and the stereo-struc-
ture determined by von Hardeggar & Ott in 1995 (see Jo-
hanson & Fischman, 1989). In terms of pharmacological
actions, cocaine is known to be a local anaesthetic (Bedford et
al., 1984) and a central nervous stimulant (Van Dyke & Byck,
1977; Commissaris, 1989). The former action arises from its
blockade of sodium channels on the neuronal membrane
(Matthews & Collins, 1983). An overflow of catecholamines at
the synaptic cleft because of a blockade of their re-uptake by
cocaine is generally attributed to the latter action (Hernandez
et al., 1988; Izenwasser et al., 1990; Luoh et al., 1994; Chang et
al., 1995).

In addition to its central effects, cocaine possesses aphro-
disiac actions that include increase in libido, elicitation of pe-
nile erection, prolongation in intercourse and production of
intense orgasms (Cohen, 1975). Whereas low-dose cocaine in-

1 Author for correspondence.

creases sexual activity, sustained use, particularly at high do-
ses, of cocaine results in a decrease in penile erection or
detumescence (Cregler & Mark, 1986). Rodriguez-Blazquez et
al. (1990) reported that local application of cocaine to the penis
induces priapism, a condition of prolonged erection not related
to sexual arousal or desire. This condition was also observed in
intranasal cocaine abusers (Fiorelli et al., 1990). Kim et al.
(1992), on the other hand, failed to identify a significant in-
fluence on erectile function in cocaine-dependent patients. In
male rats, sexual behaviour is not significantly altered follow-
ing chronic cocaine treatment (Abel et al., 1989). The re-
lationship between cocaine and penile erection is, therefore, at
best, equivocal.

In human subjects and rats, it is generally believed that
penile erection is mediated by opposing inputs from the
parasympathetic and sympathetic nervous system to penile
vascular smooth muscles via the action of acetylcholine and
noradrenaline (Carati et al., 1987; de Groat & Steers, 1988;
Lue & Tanagho, 1988). Whereas adrenergic neurotransmission
mediates contraction of corporal smooth muscles and causes
detumescence, cholinergic neurotransmission promotes
smooth muscle relaxation and penile erection. Recent studies
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(Juenemann et al., 1987; Steers, 1990; Azadzoi et al., 1992;
Burnett et al., 1992; Kirkeby et al., 1992; Stief et al., 1993)
further revealed the role of non-adrenergic, non-cholinergic
transmitters, including neuropeptides (e.g. vasoactive intestinal
polypeptide, neuropeptide Y, somatostatin, calcitonin gene-

related peptide) and nitric oxide (NO), as mediators of penile
erection. The involvement of NO (Palmer et al., 1987), in
acetylcholine-induced penile erection is also suggested (Ignarro
et al., 1990; Ignarro, 1992).

Our laboratory has recently established a rat model (Chen
et al., 1992a), which uses the intracavernous pressure (ICP) in
anaesthetized animals as the index for a more sensitive, ob-
jective and quantitative assessment of penile erection. Utilizing
this experimental index, the present study was undertaken to
examine the effect of direct local administration of cocaine to
the corpus cavernosum on penile erection. We also evaluated
the potential involvement of dopamine, noradrenaline or NO
as the chemical mediator in this process. Whether its action as

a local anaesthetic accounts for cocaine-induced penile erec-

tion was also investigated.

Methods

Animal preparation

Male, adult Sprague-Dawley rats (200-250 g) anaesthetized
with chloral hydrate (400 mg kg-', i.p., with 40 mg kg
i.v. supplements) were used. Routine surgical preparations in-

cluded cannulation of the left femoral artery and vein for the
measurement of systemic arterial pressure and administration
of drugs. The right femoral vein was also cannulated for con-

tinuous infusion of supplemental anaesthetic. Systemic arterial
pressure was monitored via a pressure transducer (Gould 23ID)
and a pressure processor amplifier (Gould 13-4615-52), and
heart rate was determined with a biotachometer amplifier
(Gould 20-4615-65) triggered by the arterial pressure pulses.
The trachea was intubated to maintain its patency and to fa-
cilitate ventilation with a rodent respirator (Ha-.ard 683). Pul-
satile and mean systemic arterial pressure (SAP and MSAP), as

well as heart rate (HR), were recorded simultaneously on a

polygraph (Gould ES1000). All data were collected from ani-
mals with a maintained rectal temperature of 37°C and a steady
MSAP above 75 mmHg throughout the experiment.

Recording of intracavernous pressure

ICP, which was used as the experimental index for the eva-

luation of penile erection, was measured as described pre-

viously (Chen et al., 1992a,b). In brief, the skin overlying the
penis was incised, and the prepuce was degloved to expose fully
both corpora cavernosa. A 26-gauge needle, connected to a

pressure transducer (Gould 23ID) via a PE-20 tubing filled
with saline, was carefully inserted into the corpus cavernosum

on one side to measure the ICP. ICP was monitored alongside
SAP, MSAP and HR during the experiment.

Intracavernous administration of chemicals

Cocaine and all test agents were administered directly into the
corpus cavernosum via the ICP recording needle. Measure-

ment of ICP was momentarily suspended during this in-

tracavernous (i.c.) application of chemical agents, by turning

off the three-way connector to the pressure transducer to allow

for inflow of solution into the corpus cavernosum.

A controlled volume of 250pl was delivered for each in-
jection, lasting usually less than 20 s. To ensure that the ICP

needle was properly lodged into the corpus cavernosum, i.c.,

administration of this same volume of saline was routinely

executed at the beginning of the experiment to ascertain the
lack of leakage of injection solution. This procedure also as-

certained that the introduction of fluid directly into the corpus

cavernosum may not itself be a confounding factor.

Experimental protocols

To establish the effect of cocaine on penile erection, local ad-
ministration of cocaine (40, 80 or 160 jug) or saline (250 MI) to
the corpus cavernosum was carried out in our first series of
experiment. The elicited effects on both amplitude and dura-
tion of ICP, as well as MSAP and HR, were observed for
60 min postinjection.

Cocaine-induced central stimulation is generally attributed
to an overflow of dopamine and noradrenaline at the synaptic
cleft because of a blockade of their re-uptake by cocaine
(Hernandez et al., 1988; Izenwasser et al., 1990; Luoh et al.,
1994; Chang et al., 1995). Thus, we evaluated in our second
series of experiment the possible participation of dopamine or
noradrenaline as a chemical mediator in cocaine-induced pe-
nile erection. For this purpose, a dopamine or noradrenaline
antagonist was applied intracavernously 30 min before the
administration of cocaine (160 Mg, i.c.). The effects of cocaine
on ICP, as well as MSAP and HR, were followed for 60 min.
The antagonists used for such pretreatments included: DI or
D2 dopamine receptor antagonist (Kropf et al., 1989), R-( + )-
SCH 23390 (250 pmol) or (-)-sulpiride (250 pmol); and ol-,
X2- or fl-adrenoceptor antagonist, prazosin (Massingham et al.,
1981; 50 pmol), yohimbine (Rouot et al., 1982; 50 pmol) or
propranolol (Black & Stephenson, 1962; 5 nmol).

Our third series of experiments examined the role of the well
known local anaesthetic action of cocaine (Bedford et al.,
1984) in its elicitation of penile erection. We evaluated the
response of ICP to i.c. application of lignocaine (4 umol), gi-
ven alone or 30 min before cocaine (160 ig, i.c.). In a separate
group of animals, the effect of lignocaine (4 tmol, i.c.) or co-
caine (160 Mg, i.c.) on penile erection induced by papaverine
(400 jg, i.c.), a vasoactive agent most commonly used in
clinical management of impotence (Lue & Tanagho, 1987), was
evaluated. Lignocaine or cocaine was administered into the
corpus cavernosum when the papaverine-elicited increase in
ICP reached its peak.

The role of NO in cocaine-induced penile erection was in-
vestigated in our last series of experiments. The effects of
pretreatment with i.c. administration of the NO synthase in-
hibitor (Moncada et al., 1991), Nw-nitro-L-arginine methyl
ester (L-NAME, 0.5, 1 or 5 pmol) or NG-monomethyl-L-ar-
ginine (L-NMMA, 2.5, 5 or 10 pmol); or the cytosolic guanylyl
cyclase inhibitor (Kim et al., 1991), methylene blue (2.5,umol),
on cocaine-elicited elevation in ICP were investigated. The
specificity of the NO synthase inhibitors in influencing cocaine-
induced increase in ICP was verified by co-injection into the
corpus cavernosum of either a NO synthase inhibitor with a
NO precursor (Moncada et al., 1991), L-arginine (1 nmol).
Intracavernous application of a NO donor (Bush et al., 1992),
nitroglycerin (10 or 20 nmol), was used as a positive control.

At the end of each experiment, papaverine (400 jg, i.c.) was
delivered to ensure that the ICP recording needle was properly
lodged into the corpus cavernosum throughout the experiment.

Drugs

Cocaine HCl was obtained from the Department of Health
(Taiwan). Dopamine HCl, (-)-sulpiride HC1, noradrenaline
HCl, prazosin HCl, yohimbine HC1, propranolol HC1, L-ar-
ginine, L-NAME, methylene blue, nitroglycerin and papaver-
ine were obtained from Sigma (St. Louis, MO, U.S.A.). R-( + )-
SCH 23390 and L-NMMA were obtained from RBI (St. Na-
tick, MA, U.S.A.). All substances were dissolved in saline, and
were freshly prepared immediately before each experiment.

Statistical evaluation

All values in the figures and text are expressed as mean +
s.e.mean. The differences between treatment groups were sta-
tistically assessed by one-way or two-way analysis of variance
(ANOVA) with repeated measures, followed by Scheffe or
Dunnett multiple range tests for a posteriori comparison of
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means. A value at P < 0.05 was considered to be statistically
significant.

Results

Intracavernous administration of cocaine increased ICP

Figure 1 is a polygraph tracing showing the differential effect
of saline and cocaine on ICP. Control i.c. injection of saline, at
a volume of 250 M1, caused a transient increase in the ICP that
returned to baseline within 3 min postinjection (Figure 1). In
contrast, ocal application of cocaine (160 Mg) to the corpus
cavernosum, in the same injection volume, elicited a prolonged
elevation in ICP.

The increase in both amplitude and duration of ICP by i.c.
administration of cocaine (40, 80 or 160 Mg) was manifested in
a dose-dependent manner (Figure 2). As we previously re-
ported (Chen et al., 1992b), visible penile erection (straigh-
tening of penis with disappearance of the angle between the
glans and shaft) was observed upon an elevation of ICP above
the threshold pressure of 40 mmHg. On the other hand, re-
lative to control administration of saline, changes in MSAP
(73.6+ 2.6, 73.3 + 3.5 or 72.6+ 3.3 vs 75.6 + 2.9 mmHg, n = 5-
8) and HR (383+31, 382+28 or 390+ 18 vs. 371+ 17 beats
min- 1, n = 5-8) caused by cocaine were indiscernible for the
three doses studied.

Evidence that dopaminergic neurotransmission at the
corpus cavernosum does not participate in cocaine-
induced elevation in ICP

Local injection into the corpus cavernosum of either DI or D2
dopamine receptor antagonist, R-( + )-SCH 23390 (250 pmol)
or (-)-sulpiride (250 pmol), did not itself significantly alter
basal ICP (6.8 + 1.3 vs. 4.9 + 1.6 mmHg, n = 6; or 5.3 + 0.8 vs.
6.0 + 0.8 mmHg, n = 5). Such pretreatment (Figure 3) had no
appreciable effect on the prolonged elevation in ICP induced
by cocaine (160 jg, i.c.). Pretreatment with these dopamine
receptor antagonists, on the other hand, appreciably (P< 0.05)
attenuated the rise in ICP (+ 25.4+ 2.7 mmHg, n = 5) follow-
ing local application of dopamine (2.5 Mg) to the corpus ca-
vernosum: R-( + )-SCH 23390 pretreatment, + 1.8 + 1.6
mmHg, n = 6; (-)-sulpiride pretreatment, + 5.6 + 3.4 mmHg,
n=6.

Evidence that noradrenergic neurotransmission at the
corpus cavernosum does not participate in cocaine-
induced elevation in ICP

Similar to the dopamine receptor blockers, i.c. administration
of a1-, a2- or fl-adrenoceptor antagonist, prazosin (50 pmol),
yohimbine (50 pmol) or propranolol (5 nmol), did not change
the basal ICP (5.1 + 1.1 vs. 5.9 + 0.7 mmHg, n = 7; 4.7 + 1.3 vs.
5.2 + 0.4 mmHg, n=5; or 5.8 + 2.3 vs. 6.2 + 1.6 mmHg, n =6).
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Figure 1 Representative polygraph tracing showing the time-course

changes in intracavernous pressure (ICP), systemic arterial pressure

(SAP) and heart rate (HR) following intracavernous (i.c.) adminis-
tration of saline (250up1) or cocaine (160pg, 250 1).

Relative to control administration of saline, the same pre-
treatments also produced no discernible effect on the ampli-
tude (34.8+5.3, 33.4+ 5.9 or 27.1+5.3 vs. 32.3 +3.3 mmHg,
n=5-7) or duration (901+205, 793+211 or 1371+263 vs.
1041 + 140 s, n = 5-7) of the elevation in ICP induced by co-
caine (160 Mg, i.c.). Pretleatment with these adrenoceptor an-
tagonists, however, significantly (P< 0.05) blunted the
decrease in ICP (-6.1 + 0.8 mmHg, n = 7) induced by nora-
drenaline (0.4 Mg, i.c.): prazosin pretreatment, + 1.3 + 0.9
mmHg, n = 5; yohimbine pretreatment, -0.9 + 1.4 mmHg,
n = 6; propranolol pretreatment, + 2.4 + 0.6 mmHg, n = 6.

Evidence that local anaesthetic action does not
contribute to cocaine-induced elevation in ICP

In contrast to cocaine-induced penile erection, i.c. application
of lignocaine (4 Mmol) caused a nominal decrease in ICP
(Figure 4) and no appreciable effect on MSAP (81.3 + 5.5 vs.
79.0 + 3.2 mmHg, n = 6) or HR (378 + 20 vs. 370+14 beats
min-m, n = 6). However, the ability of cocaine (160 Mg, i.c.) to
increase ICP was not significantly affected by prior application
of lignocaine (4 Mmol) to the corpus cavernosum.

To ascertain further that its local anaesthetic action did not
contribute to cocaine-induced penile erection, we evaluated
(Figure 5) the effect of lignocaine (4 Mmol, i.c.) or cocaine
(160 Mg, i.c.) on the elevation in ICP caused by papaverine
(400 Mg, i.c.). Given during the peak action of papaverine, the
sustained increase in ICP was significantly reduced by i.c. ad-
ministration of lignocaine (4 Mmol). Cocaine (160 Mg, i.c.), on
the other hand, caused a further rise in ICP.

Nitric oxide at the corpus cavernosum may mediate
cocaine-induced elevation in ICP

Direct application ofL-NAME (0.5, 1 or 5 pmol) to the corpus
cavernosum dose-dependently attenuated the cocaine-induced
increase in both amplitude and duration of ICP (Figure 6).
This suppressive effect of L-NAME (5 pmol, i.c.) was reversed
upon concurrent administration of a NO precursor, L-arginine
(1 nmol, i.c.) (Figure 6). Relative to control administration of
saline, i.c. application of L-NMMA (2.5, 5 or 10 pmol) also
dose-dependently reduced the amplitude (15.9 + 7.3, 13.4+5.8
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Figure 2 Maximal changes in amplitude and duration of ICP in
response to i.c. administration of saline (Sal, 250.ul) or cocaine (40,
80 or 160 jig, 250 MI). Values are presented as mean+ s.e.mean, n = 5-
8 animals per group. Significant difference (P<0.05) exists between
treatment groups by one-way ANOVA analysis. *P<0.05 vs. saline
group by the Scheffe multiple range test.
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Figure 3 Maximal changes in amplitude and duration of ICP in
response to i.c. administration of cocaine (160pg), 30min following
pretreatment with i.c. application of saline (Sal, 250p1), R-(+)-SCH
23390 (SCH, 250pmol) or (-)-sulpiride (Sulp, 250pmol). Values are

presented as mean+ s.e.mean, n =5-7 animals per group. No
significant difference (P<0.05) exists between treatment groups by
one-way ANOVA analysis.
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Figure 5 Time-course changes in amplitude of ICP after i.c.
administration of papaverine (Pap, 400 ig), followed by cocaine
(Coc, 160 ig) or lignocaine (Lig, 4 jimol) after peak effect of
papaverine was reached. Values are presented as mean+s.e.mean,
n= 5-6 animals per group. Significant difference (P<0.05) exists
between treatment groups by two-way ANOVA analysis with
repeated measures. *P <0.05 vs. peak effect of papaverine (at
3min) by the Dunnett multiple range test.
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Figure 4 Maximal changes in amplitude and duration of ICP in
response to i.c. administration of saline (Sal, 250p1) or lignocaine
(Lig, 4,umol), given alone or as a pretreatment 30min before i.c.
administration of cocaine (Coc, 160pg). Values are presented as

mean + s.e.mean, n =5-6 animals per group. Significant difference
(P <0.05) exists between treatment groups by one-way ANOVA
analysis. *P<0.05 vs. saline group and tP<0.05 vs. lignocaine group
by the Scheffe multiple range test.

or 11.5 +4.9 vs. 32.2+ 3.3 mmHg, n=6-8) and shortened the
duration (990+246, 438+136 or 414+92 vs. 1041+140s,
n = 6-8) of the elevation in ICP by cocaine (160 ,ug, i.c.).
Likewise, co-administration of L-NMMA and L-arginine
(10 pmol + 1 nmol, i.c.) reversed the antagonist action of L-

NMMA. Pretreatment with either NO synthase inhibitor,
alone or in combination with L-arginine, on the other hand,
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Figure 6 Maximal changes in amplitude and duration of ICP in
response to i.c. administration of cocaine (160pg), 30min following
pretreatment with i.c. injection of saline (Sal, 250p1), N'-nitro-L-
arginine methyl ester (L-NAME, 0.5, 1 or 5 pmol) or L-NAME and L-

arginine (L-Arg, S pmol and 1 nmol). Values are presented as

mean+s.e.mean, n=5-7 animals per group. Significant difference
(P <0.05) exists between treatment groups by one-way ANOVA
analysis. *P<0.05 vs. saline group and tP<0.05 vs. L-NAME
(5pmol) group by the Scheffe multiple range test.

exerted no significant effect on basal ICP (Table 1).
The involvement of NO in cocaine-induced penile erection

was further demonstrated when pretreatment with guanylyl
cyclase inhibitor, methylene blue (2.5 jImol, i.c.), significantly
(P <0.05) suppressed the cocaine-induced increase in ICP
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(9.6+4.7 vs. 32.3+3.3 mmHg; 369+20 vs. 1041+140 s;
n = 5-6). Furthermore, relative to saline, direct application of
nitroglycerin (10 or 20 nmol) into the corpus cavernosum also
increased (25.1 + 4.4 or 53.7 + 3.1 vs. 4.6 + 1.2 mmHg, n = 5 - 7)
and prolonged (190+55 or 296+50 vs. 141+ 11 s, n=5-7)
the ICP.

Discussion

The present study demonstrates that direct application of co-
caine to the corpus cavernosum of the penis increases and
prolongs ICP in the rat. Our data further reveal that such an
erectile effect of cocaine does not appear to be related to its
well established pharmacological actions, namely, modulation
of dopaminergic or noradrenergic neurotransmission and
blockade of sodium channels as a local anaesthetic. Instead, it
is likely that elevation in ICP by cocaine may be mediated by
NO at the corpus cavernosum.

Our study was greatly facilitated by the experimental index
we used for penile erection (Chen et al., 1992a, b). Although
i.c. administration of cocaine at 160 jig elicited a five fold in-
crease in ICP from baseline, the magnitude was in many cases
still below 40 mmHg, the threshold pressure for visible penile
erection. This superb detection sensitivity therefore allowed us
to measure the erectile effect of cocaine that was otherwise
undetectable by behavioural assessments.

Sexual dysfunction is one of the factors that motivates pa-
tients to seek treatment for cocaine abuse (Cregler & Mark,
1986). Unfortunately, the relationship between cocaine and
male sexual behaviour is still controversial. Our demonstration
of prolonged increase in ICP by direct application of cocaine
to the corpus cavernosum of rodents was in agreement with
previous clinical reports that associate priapism with in-
traurethral (Mahler et al., 1988) or topical (Rodriguez-Blaz-
quez et al., 1990) administration of cocaine. Our observations,
however, are at variance with a recent demonstration (Po-
merantz et al., 1994) of an impairment of male copulatory
behaviour in rhesus monkeys following acute intramuscular
administration of cocaine. Such a discrepancy may be due to
the difference in species of animal used, route of administration
and dose of cocaine.

Cocaine exerts its pharmacological effects via both central
and peripheral mechanisms. The central stimulatory action of
cocaine results from its inhibition on the re-uptake of dopa-
mine, noradrenaline and 5-hydroxytryptamine at the synaptic
cleft (Taylor & Ho, 1978; Hadfield et al., 1980; Bagchi & Re-
illy, 1983; Luoh et al., 1994; Chang et al., 1995). Cocaine also
facilitates the release of dopamine from reserpine-sensitive
storage pools (Heikkila et al., 1975) and stimulates tyrosine
hydroxylase activity (Taylor & Ho, 1978; Akbari & Azmitia,
1992). By inhibiting the re-uptake of noradrenaline at the
neuroeffector junction, the major peripheral effect of cocaine
appears to be sympathomimetic (Van Dyke & Byck, 1982; Jain

et al., 1990; Tella et al., 1990; Schindler et al., 1992). Thus, it is
intriguing that at a dose that significantly antagonized the re-
spective increase and decrease in ICP by dopamine and nora-
drenaline, local application into the corpus cavernosum of DI
or D2 dopamine receptor antagonists or al-, a2- or fl-adreno-
ceptor blockers elicited no appreciable effect on cocaine-in-
duced penile erection. Thus, it appears that dopamine or
noradrenaline may not function as chemical mediators in the
corpus cavernosum for the prolonged increase in ICP gener-
ated by i.c. application of cocaine.

It is possible that stimulation of dopamine receptors by
cocaine may be more discrete than that accomplished through
direct dopamine administration (Pomerantz et al., 1994). Since
cocaine augments stimulation of dopamine receptors by
blocking the re-uptake of the biogenic amine, it exerts its ac-
tion only in those regions that are actively releasing dopamine.
Thus, a direction for future investigation is to delineate the
existence of dopaminergic innervation of cavernous tissue and
the role of endogenous dopamine in the regulation of penile
erection.

Based on its blocking effect on nerve conduction (Matthews
& Collins, 1983; Bedford et al., 1984), cocaine is used topically
on the glans penis to decrease sensitivity and prolong erection
time (Mahler et al., 1988; Rodriguez-Blazquez et al., 1990).
Our data, nonetheless, suggest that cocaine may not share the
same mechanism of action with the local anaesthetic, lig-
nocaine, in its influence on ICP. Local application of cocaine
and lignocaine to the cavernous tissue respectively enhanced
and reduced basal or papaverine-induced elevation in ICP.
Furthermore, prolonged increase in ICP by i.c. administration
of cocaine was still observed in the presence of lignocaine.

In man and non-primate animals, the smooth muscle tone
of trabecular corpus cavernosum is controlled by at least three
pathways, namely, adrenergic, cholinergic and non-adrenergic,
non-cholinergic axon innervations. Noradrenaline causes de-
tumescence by contracting corporal smooth muscle, and
acetylcholine promotes smooth muscle relaxation and penile
erection (Saenz de Tejada et al., 1988; Keast, 1992; 1995;
Burnett et al., 1992; Rajfer et al., 1992; Brock & Lue, 1993).
During the past decade, NO has gained interest as the phy-
siological mediator of non-adrenergic, non-cholinergic neuro-
transmission in penile erection. The enzyme responsible for the
formation of NO, NO synthase, is localized in neurones that
innervate the penile smooth muscle (Keast, 1992; Burnett et
al., 1993; Ding et al., 1993; Vizzard et al., 1994). Direct ap-
plication of the precursor or donor for NO relaxes the corpus
cavernosum in a manner similar to the relaxation produced by
pelvic nerve stimulation (Ignarro et al., 1990; Kim et al., 1991;
Pickard et al., 1991; Bush et al., 1992; Ignarro, 1992; Rajfer et
al., 1992; Trigo-Rocha et al., 1993b; Wang et al., 1994). Fur-
thermore, neurally activated tumescence is inhibited by a
blockade ofNO synthesis or the signal transduction cascade of
NO (Burnett et al., 1992; Trigo-Rocha et al., 1993b; Hull et al.,
1994). On the other hand, prolonging the activity of cyclic

Table 1 Effect on the amplitude of ICP, 30 min after intracavernous administration of a NO synthase inhibitor, given alone or in
combination with L-arginine

ICP

Saline
L-NAME
L-NAME
L-NAME
L-NAME + L-Arg
L-NMMA
L-NMMA
L-NMMA
L-NMMA + L-Arg

(250,ul)
(0.5 pmol)
(1 pmol)
(5 pmol)
(5 pmol + 1 nmol)
(2.5 pmol)
(5 pmol)
(10 pmol)
(lOpmol + I nmol)

Control

5.2+0.8
6.7+ 1.8
7.0+ 1.7
5.8 +0.7
6.4+1.5
5.4+0.9
6.3+1.2
5.0+0.8
5.0+ 1.6

Post-treatment

5.9+0.8
7.1+1.7
7.5+0.5
6.2+1.0
6.0+ 1.6
5.6+0.4
6.0+0.9
4.8+0.5
5.1+1.7

Mean+s.e.mean, n = 5-8 animals per group.

Treatment
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guanosine monophosphate, the second messenger activated by
NO (Arnold et al., 1977) to cause relaxation of corporal
smooth muscle (Ignarro et al., 1990), enhances pelvic nerve-
stimulated penile erection (Trigo-Rocha et al., 1993a).

Our present results provide an additional functional role for
NO in erectile functions by demonstrating its participation as a
mediator in the corpus cavernosum for cocaine-induced penile
erection. We found that the prolonged increase in ICP by i.c.
adminstration of cocaine was antagonized by two inhibitors of
NO synthase and an inhibitor of cytosolic guanylyl cyclase.
The former antagonism was reversible by a precursor of NO.
In addition, direct application of a NO donor into the corpus
cavernosum mimicked the action of cocaine and promoted a
significant increase in ICP.

The source of NO in the corpus cavernosum that partici-
pates in cocaine-induced penile erection is not readily available
from the present data. There are at least two possible stores of
NO within the penis. One is the endothelium of penile blood
vessels (de Groat & Steers, 1988), the other is neurones in the
major pelvic ganglia (Keast, 1992; Ding et al., 1993) which
send the NO synthase-containing cavernous nerve to innervate
the penile erectile tissue. The involvement of either or both
sources in cocaine-induced elevation in ICP must await further
elucidation. Since blockade of NO synthesis or interruption of
the signal transduction cascade ofNO produced no discernible
influence on basal ICP, it is likely that the constitutive pool of
NO may not play a regulatory role in the maintenance of
smooth muscle tone in the trabecular corpus cavernosum.

Rodriguez-Blazquez et al. (1990) proposed that prolonga-
tion of penile erection in cocaine-related priapism is the result
of impairment of the detumescence process due to local de-
pletion of noradrenaline, produced by an increased exposure
of this neurotransmitter to degradative enzymes at the neu-
roeffector junctions of cavernous smooth muscle. Our present
data suggest, on the other hand, that a maintained level ofNO

is crucial to the prolonged erectile response to cocaine. The
duration of increase in ICP by local application of cocaine in
the presence of NO synthase inhibitors was similar to that of
i.c. application of saline. We also found that addition of a NO
precursor reversed the antagonism of NO synthase inhibitors
on cocaine-induced elevation in ICP to an amplitude and
duration that were comparable to that elicited by vehicle
control. These observations imply that NO plays an important
role in both the initiation and maintenance of tumescence
following cocaine administration.

One of the side effects of cocaine at the periphery is the
production of hypertension and tachycardia (Wilkerson, 1988;
Tella et al., 1990; Schindler et al., 1992). Thus, it is possible
that our observed cocaine-induced penile erection may be
secondary to its action on the systemic circulation, which alters
arterial inflow to and venous outflow from corporal sinusoids.
This possibility, however, is considered unlikely, since local
administration of cocaine into the corpus cavernosum did not
appreciably influence SAP and HR. Nonetheless, whether co-
caine influences local circulation at the penile tissue awaits
further investigation.

In conclusion, our data reveal, for the first time, that direct
administration of cocaine to the corpus cavernosum of rats
produces a prolonged increase in ICP. We further demonstrate
that NO may serve as a mediator in this erectile action of
cocaine. These findings may be of significance for new ther-
apeutic approaches to the treatment of erectile dysfunctions
associated with cocaine abuse.

This study was supported in part by research grants (S.H.H.C.)
NSC-85-2331-BO1O-112 from the National Science Council and
DOH83-HR-221 from the National Health Research Institute,
Taiwan.
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